ABSTRACT
INTRODUCTION
7 5' 5 "CAP" structures of the type m G ppp 'X- (1) have been found at the 5'-termini of several viral and non-viral eukaryotic mRNAs (1, 2) and have been implicated in the formation of mRNA-ribosome initiation complex (3) (4) (5) (6) (7) and/or in the protection of mRNAs towards nucleolytic degradation (8, 9) . The most extensive studies have been done with viral mRNAs, and both the efficiency of the ribosome binding and translation activity of methylated (m GpppX ) versus unmethylated (GpppX ) (3, 10) or "capped" (m GpppX ) versus "decapped" (pppX ) mRNAs (11, 12) have been compared in vitro. Such studies have indicated that for mRNAs which normally contain the "CAP" structure, the contribution of m G towards ribosome binding and translational efficiency varies between the different viral mRNAs examined (11, 12) and for a given mRNA, between the protein synthesizing systems used ^n vitro (10-13. Additional evidence for the role of the "CAP" structure in mRNA function has come from studies using analogues of "CAP" such as pm G which were found specifically to inhibit the translation in vitro of mRNAs containing the "CAP" struc-ture (4, 5, 10, 11) .
Removal of the m G residue by treatment with periodate followed by 3-elimination with aniline has till now been used as one of the approaches to obtain a mRNA lacking the "CAP" structure. It has, however, been reported (6, 8 ,111 that such treatment can often cause degradation of the RNA as well as non-specific modification affecting mRNA activity. In the absence of appropriate control experiments, results obtained with B-eliminated RNA prepared by this method must, therefore, be treated with caution. 7 5' 5' Alternative methods described recently for the removal of the m G ppp X "CAP" structure involve the use either of polynucleotide kinase (14) or pyrophosphatases isolated from tobacco cells or potato extracts (15, 16) .
We have recently developed a procedure for quantitative .removal of m G from eukaryotic mRNA "CAP" structures that results in neither detectable degradation of the mRNA nor any non-specific modifications affecting their translation. We have used such a procedure to remove m G from rabbit globin mRNA. By a comparison of the translational activity of globin mRNA containing the 5'-terminal m G with that of the mRNA lacking the tn G, we show for the first time the important contribution made by this nucleoside for the functioning of a non-viral eukaryotic mRNA ^n vivo.
MATERIALS AND METHODS
General: Sodium periodate was purchased from Fisher Scientific Co. Cyclohexylamine, tetramethylglycinamide and "Stains All" were obtained from Eastman Kodak Co., Rochester, N.Y. S-methionine (400-500 Ci/mmole) was purchased from New England Nuclear, Boston, Mass., and H-histidine (40 Ci/ mmole) from the Radiochemical Centre, Amersham, England. Rabbit globin mRNA was prepared as described previously (2) . Satellite Tobacco Necrosis Virus (STNV) RNA was a kind gift from Dr. John M. Clark, Jr., Dept. of Biochemistry University of Illinois. Uniformly 32 P-labeled VSV mRNA was a kind gift from Dr. John K. Rose, Dept. of Biology, M.I.T.
Removal of 5'-Terminal m G from Eukaryotic mRNA: The detailed procedure describing periodate treatment of mRNA followed by ^-elimination with cyclohexylamine has been published elsewhere (2, 17) . ' The extent of m G removal using this procedure was assayed by the method of Rose and Lodish (6) using uniformly 32 P-labeled VSV mRNA.
Acrylamide Gel Electrophoresls: Electrophoretic analysis of globin mRNA was carried out on 5.5% polyacrylamide tube gels run in 98% formamide (18) . Gel samples consisted of 4 pg of RNA dissolved in 98% formamide (containing xylene cyanol and bromophenol blue), and were electrophoresed for 11 hours at 1 tna/gel. The gels were stained overnight at 4°C in 0.01% "Stains All" in 50% fonnamide, destained overnight at 4°C in distilled water, and then scanned at 600 nm using a Gilford 2400-S spectrophotometer.
Electrophoresis of proteins synthesized in cell-free systems (19) or frog oocytes (20) was performed on 12.5% polyacrylamide slab gels. Radioactive bands on the gels were located by fluorography (21) , and the amount of radioactive protein synthesized was measured by densitometric tracing of the fluorogram on a linear portion of the exposure curve.
Cell-Free Protein Synthesis: The wheat germ system was prepared and used for in vitro translation as described by Roberts and Paterson (22) .
Oocyte Mi-croinjection and Analysis: Frogs (Xenopus laevis) were obtained from the South African Snake Farm (Fish Hoek, Cape Province, South Africa).
Batches of 10 oocytes were injected with globin mRNA, cultured and labeled for 3.5 hours with H-histidine (23) . mRNA samples were injected at a constant concentration (100 pg/ml) and at an approximately constant volume We have recently developed (2,17) such a method: it involves treatment of the RNA with periodate followed by (^-elimination with cyclohexylamine. Figure 1 shows the results of an experiment in which rabbit globin mRNA was treated with periodate or cyclohexylamine, or with both reagents, and then analyzed by electrophoresis on 5.5% acrylamide gels run in 98% fonnamide.
Nucleotidic material was detected by staining. The two closely spaced peaks are due to the separation of a-and 3-globin mRNAs. It can be seen that neither treatment alone nor in combination caused any noticeable degradation of the mRNA. Additional treatment with alkaline phosphatase and subsequent 32 32 5'-terminal labeling with P using y--P-ATP and T4 polynucleotide kinase also showed the S-eliminated RNA to be intact and usable for nucleotide Figure 1 . Polyacrylamlde gel electrophoretic analysis In 98% formamide of untreated and treated rabbit globin mRNA. Gels were run, stained overnight with "Stains All" and then scanned at 600 nm (Materials and Methods). A variable peak at 9 cm migration is due to residual xylene cyanol marker dye. A, untreated; B, periodate treated; C, cyclohexylamine treated; D, periodate + cyclohexylamine treated. system. An ideal in vivo system for such an experiment is the oocytes of Xenopus laevis. Rabbit globin mRNA injected into oocytes is both functionally stable and efficiently translated for several weeks (32) . The injected mRNA appears to be as stable, in terms of activity, as the average endogenous oocyte mRNA. In an attempt to determine the role of globin mRNA "CAP" structure for its translation in vivo, batches of oocytes were injected with control and treated globin mRNA and the rate of rabbit globin synthesis was measured at intervals over a 96 hour time period. Figure 4A shows a polyacrylamide gel analysis of globin synthesized at 5, 24, and 48 hours as determined after a 3.5 hour pulse-labeling with H-histidine (23) . The amount of globin synthesized was measured by densitometric scanning of the autoradiogram, and the data obtained for the whole 96 hour period is summarized in Figure 4B . However, until the translatability within the oocyte of native reovirus mRNA carrying the m GpppX "CAP" structure is compared to that of a highly stable eukaryotic mRNA such as the globin mRNA, it is difficult to evaluate the effect of 5'-exonucleases on the translatability in oocytes of periodate treated or "decapped" globin mRNA. Even though wheat germ extracts appear to contain a very significant amount of a similar nucleolytic activity (8, 9) , the primary effect of "CAP" removal appears to be on the rate and extent of ribosome binding (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . We are presently investigating the chemical stability of both native vs. "decapped" globin mRNA within the oocyte.
Recently, Abraham and Pihl (14) have reported that when the m G residue of rabbit globin mRNA is removed enzymatically using polynucleotide kinase, no loss of translational activity is seen in the wheat germ system. This result is in direct conflict with our data using both chemically and enzymatically "decapped" (see below) globin mRNA, and is difficult to reconcile with several studies on viral mRNAs (3-6,9-12,15). One possible interpretation proposed to explain their results is that when polynucleotide kinase removes m GDP from the 5'-termini, it leaves behind a residual 5'-phosphate with a net negative charge of 2 at physiological pH, similar to the net charge on a "CAP" strcture. This possibility is unlikely, since we have more recently cleaved the triphosphate linkage between the m G residue and the remainder of the globin mRNA using a pyrophosphatase isolated from tobacco cells (15) .
This method also leaves behind a residual 5'-phosphate and causes no detectable scission of the mRNA as examined by polyacrylamide gel electrophoresis.
When pyrophosphatase treated globin mRNA as well as ovalbumin mRNA were assayed for activity in both a homologous mRNA dependent reticulocyte lysate (35) and a wheat germ cell-free system, the translational activity of these mRNAs was similarly abolished and identical to that of mRNA which had been treated with periodate and then with cyclohexylamine (Chu, Lockard, RajBhandary and Rhoads, submitted for publication).
